Isotope-induced scattering of optical phonons in individual single-walled carbon nanotubes (SWNTs) was investigated by resonance Raman scattering measurements of more than 600 suspended, isotope-mixed SWNTs. The G + and G − features in the SWNT G-band exhibit broadening of up to 80% and 25%, respectively, indicating a reduced lifetime of the corresponding longitudinal and transverse optical (LO & TO) phonons. We propose that this reduced lifetime is due to a combination of enhanced phonon scattering by isotopic inhomogeneity and overbending in the LO phonon branch, both of which increase the scattering rate. The presence of both 12 C and 13 C in a single-walled carbon nanotube (SWNT) induces mass inhomogeneity while leaving the majority of physical and chemical properties unaltered. This enables phonon-related properties and processes to be better identified and studied. However, most studies on electron-phonon interactions in isotope-mixed SWNTs have been limited to comparing relative Raman peak positions [1, 2] . Turning our attention to lineshapes allows us to investigate phonon physics in more detail, especially concerning the longitudinal and transverse optical (LO & TO) phonons that give rise to the prominent G-band in SWNT Raman spectra.
Isotope-induced scattering of optical phonons in individual single-walled carbon nanotubes (SWNTs) was investigated by resonance Raman scattering measurements of more than 600 suspended, isotope-mixed SWNTs. The G + and G − features in the SWNT G-band exhibit broadening of up to 80% and 25%, respectively, indicating a reduced lifetime of the corresponding longitudinal and transverse optical (LO & TO) phonons. We propose that this reduced lifetime is due to a combination of enhanced phonon scattering by isotopic inhomogeneity and overbending in the LO phonon branch, both of which increase the scattering rate. The presence of both 12 C and 13 C in a single-walled carbon nanotube (SWNT) induces mass inhomogeneity while leaving the majority of physical and chemical properties unaltered. This enables phonon-related properties and processes to be better identified and studied. However, most studies on electron-phonon interactions in isotope-mixed SWNTs have been limited to comparing relative Raman peak positions [1, 2] . Turning our attention to lineshapes allows us to investigate phonon physics in more detail, especially concerning the longitudinal and transverse optical (LO & TO) phonons that give rise to the prominent G-band in SWNT Raman spectra.
Here we present a Raman spectroscopy study on the scattering of optical phonons in isotope-mixed SWNTs. Resonance Raman spectra from more than 600 individual suspended SWNTs containing various 13 C concentrations show clear broadening of both the G + and G − features in the G-band. We attribute this broadening to an elastic scattering process, which exists in addition to the usual decay of optical phonons into acoustic phonons [3, 4] . We propose that this process is allowed because of so-called 'overbending' of the LO phonon branch near the Γ-point in the Brillouin zone [5] , and is enhanced by isotope-induced mass inhomogeneity. These findings are in agreement with a recent study investigating the the influence of 13 C concentration on the D and G ′ (or 2D) Raman peaks in dispersed SWNT mats [6] .
Suspended SWNTs were synthesized on Si/SiO 2 substrates patterned with trenches approximately 4 µm wide and 10 µm deep using the alcohol catalytic CVD * contact author: maruyama@photon.t.u-tokyo.ac.jp; homepage:
www.photon.t.u-tokyo.ac.jp method [7] . A cross-sectional scanning electron microscope (SEM) image of the substrate is shown in Fig. 1(a) . The sidewalls and bottom of the trenches were coated with 122 nm of Cr in order to deactivate any catalyst and prevent SWNT growth inside the trench. Noflow CVD [8] was performed by introducing a 15 µL mixture containing some concentration β of 13 C 2 H 5 OH (Cambridge Isotope Laboratory, Inc.) into a sealed reac- 13 C concentrations β of (a) 0.2, (b) 0.4, (c) 0.6, and (d) 0.9. Each G-band was fitted using two Lorentzian lineshapes. Measured data, lineshapes, and fitted curves are shown in green, red and blue, respectively. γ is the FWHM of the G + peak, and the inset shows the lone RBM feature observed in each spectrum.
tion chamber. Eleven different concentrations were used, ranging from 0% (β = 0) to 100% (β = 1)
13 C in 10% increments. Figure 1(b) shows the majority of SWNTs were confined to the narrow regions between the trenches, but some individual SWNTs were found suspended across the trenches (indicated by arrows). Normalized G-band spectra for each concentration are plotted in Fig. 1(c) , and clearly show the downshift in G-band frequency expected for increasing 13 C concentration [1, 2, 9] . Resonance Raman spectra of the suspended SWNTs were measured in ambient conditions using a 488 nm Ar laser (0.2 mW, 1 µm spot size). We obtained more than 600 resonance Raman spectra that show a clear, single RBM peak between 130 cm −1 and 210 cm −1 , which corresponds to semiconducting SWNTs for 488 nm excitation [10] . Four representative Raman spectra are shown in Fig. 2 . The G-band features have been decomposed into their G + and G − components, corresponding to LO and TO phonon modes in semiconducting SWNTs. The peak position and full-width at half-maximum (FWHM) γ of the G + feature is shown for each spectrum. Accurate fitting of the G-band using only two Lorentzians, combined with the detection of only a single RBM peak (Fig. 2 inset) , suggests that the suspended SWNTs from which these spectra were obtained are either individual or in very small bundles [11] .
In addition to downshifts in the Raman peak positions, isotopic inhomogeneity also resulted in significant broadening of both G-band features, as has been observed in bulk nanotube samples [6, 12] . Average γ values for the G + , G − , and RBM features for all Raman measurements are shown in Table I . For the G + peak, this broaden- ing indicates a considerably shortened LO phonon lifetime (approximately 0.4 ps for β =0.1 and 0.3 ps for β =0.6.) Moreover, this effect appears to have neither diameter nor chirality dependence (not shown), and is determined only by the extent of isotopic inhomogeneity. We note that since electron-phonon coupling does not contribute to TO and LO phonon linewidths in semiconducting SWNTs [13] , we consider only phonon-phonon interactions in the following discussion. The main decay channel for LO phonons is relaxation into acoustic phonons [3, 4] . Mass inhomogeneity is known to induce some additional impurity scattering, but the extent is generally very small (for example, only 1 cm −1 for isotope-enriched Si [14] .) In diamond, however, isotope-induced scattering is known to be considerably stronger [15] . This has been attributed to a local minimum at the Γ-point, which is known as 'overbending', and can be found in the phonon dispersion relations (p-DOS) of SWNTs [5, 16] . As a result of this overbending, there are degenerate states on the branch into which Γ-point phonons can scatter. Furthermore, the LO and TO branches in SWNTs are separated by an interval distance of tens of cm −1 [5] , thus elastic scattering of a Γ-point TO phonon into the LO branch is also permitted. This extra scattering process shortens the phonon lifetime, resulting in broadened features in the SWNT Raman spectra.
Using the same model as in [17] for describing the isotope-induced enhancement of phonon collision rate, we describe the linewidths of both G-band features by
γ 12 is the linewidth for pure 12 C-SWNTs, γ iso is the broadening contribution due to the presence of isotopes, and β and (1 − β) are the respective concentrations of 13 C and 12 C. Since temperature-dependent anharmonic effects are negligible at room temperature [18] , any peak broadening induced by the measurement can be neglected. The observed broadening is therefore attributed to the mass inhomogeneity of the SWNTs. The G + and G − data in Table I are plotted in Fig. 3 . The red curves are fits to the data using Eq. (1), and the inset shows statistics for the G + FWHM for β = 0.5. The G + and G − FWHM increased by as much as 7 cm −1 and 4 cm −1 , respectively, which is comparable to the value reported for diamond (∼ 5.5 cm −1 ) in [15] .
We note that no broadening was observed for low frequency RBM peaks, although the expected broadening [19] is less than our experimental resolution. We also note that our findings are in good agreement with the very recent report by Costa et al. [6] , despite different approaches and analysis. Lastly, higher-order anharmonic effects contributing to the broadening of Raman spectral features-as discussed for Si, Ge, and α-Sn by Cardona et al. [15] -are not mentioned here because their contributions are negligible in a first-order approximation.
In conclusion, we obtained resonance Raman spectra of more than 600 individual, suspended, isotope-mixed SWNTs. The data show significant broadening of both G + and G − features, and the extent of broadening was dependent on the degree of mass inhomogeneity in the nanotube. The origin of this broadening is attributed to elastic scattering from either the TO or LO branch into the LO branch. This scattering is enhanced by both mass inhomogeneity in the isotope-mixed lattice and overbending in the LO phonon branch near the Γ-point.
